Background: Magnetic resonance (MR) images are useful for diagnosing myopathy. The purpose of this study was to determine the usefulness of lower-limb MR images in Korean patients with distal myopathy. Methods: We reviewed medical records in the myopathy database from January 2002 to October 2016. We selected 21 patients from 91 unrelated families with distal myopathy: four with GNE myopathy, 11 with dysferlinopathy, and six with ADSSL1 myopathy. Results: Ten (48%) of the 21 patients were men. The ages of the participants at symptom onset and imaging were 19.2 ± 9.5 and 30.4 ± 9.0 years (mean ± standard deviation), respectively. Their grade on the modified Gardner-Medwin and Walton grade was 3.3 ± 1.7. The strength grade of the knee extensors was not correlated with the Mercuri scale for the quadriceps (r = -0.247, p = 0. 115). However, the Medical Research Council grades of the knee flexors, ankle dorsiflexors, and ankle plantar flexors were significantly correlated with the Mercuri scale ratings of the knee flexors (r = -0.497, p = 0.001), tibialis anterior (r = -0.727, p < 0.001), and ankle plantar flexors (r = -0.620, p < 0.001), respectively. T1-weighted MR images showed characteristic fatty replacement patterns that were consistent with the causative genes. Unsupervised hierarchical clustering of the Mercuri scale showed that the main factors contributing to the dichotomy were the causative gene and the clinical severity. Conclusions: This study is the first to reveal the usefulness of lower-limb MR images in the differential diagnosis of distal myopathy in Korea.
IntroductIon
Distal myopathy is a clinically and genetically heterogeneous group of hereditary muscle disorders characterized by the progressive weakness and atrophy of distal muscles. Thus far, 16 causative genes have been reported in distal myopathy: DYSF, TTN, GNE, MYH7, MATR3, TIA1, MYOT, NEB, CAV3, LDB3, ANO5, DNM2, KLHL9, FLNC, VCP, and ADSSL1. 1 Mutations in DYSF, GNE, and ADSSL1 are the most common causes of distal myopathy in Korea. 2 Muscle magnetic resonance (MR) images are useful for diagnosing myopathy. 3 T1-weighted images can be used to assess the fatty replacement of muscle and the topography of neuromuscular lesions. 4 T2-weighted images or short tau inversion recovery (STIR) images help when assessing muscle edema, necrosis, or inflammation occurring in a myopathy condition. 4 Muscle MR images are particularly useful for identifying targets of muscle biopsies, patterns of muscle involvement, and patients with subclinical myopathy. Moreover, since MR imaging is a noninvasive technique and does not use ionizing radiation, muscle MR imaging provides an excellent approach for measuring the progression of muscle disease in clinical trials. 5 However, it is well known that the pattern analysis of muscle MR images is sensitive but not specific, and few studies have investigated the pattern analysis of myopathy in Korean populations. 2 To further clarify the usefulness of lower-limb MR images in Korean patients with distal myopathy, we analyzed the radiological patterns of three common types of distal myopathy: GNE myopathy, dysferlinopathy, and ADSSL1 myopathy.
MaterIals and Methods

Study participants
We reviewed medical records in the myopathy database from January 2002 to October 2016. The study hospital is one of the largest myology centers in Korea and the database contained 91 unrelated families with distal myopathy. The 21 patients examined comprised four unrelated patients with GNE myopathy, 11 unrelated patients with dysferlinopathy, and six unrelated patients with ADSSL1 myopathy. Twenty patients were confirmed genetically, and one patient (II-2 in MF1152) was diagnosed by the absence of dysferlin staining in immunohistochemistry. All patients cooperated fully and provided written consents for their inclusion in both the genetic and imaging examinations. Our Institutional Review Board approved the research protocol (IRB No: 3-2016-0283).
Phenotype assessment
The clinical information used in the phenotype assessment included sex, age at symptom onset, muscle impairments, and deep tendon reflexes. The powers of knee extension, knee flexion, ankle dorsiflexion, and ankle plantar flexion were categorized using the Medical Research Council (MRC) grading system. Physical disability was evaluated using nine grades of the modified Gardner-Medwin and Walton (GMW) grade as described previously: 6 grade 0 = hyperCKemia, with all activities normal; grade 1 = normal gait, unable to run freely, and myalgia; grade 2 = unable to walk on tiptoes, and waddling gait; grade 3 = evident muscular weakness, steppage gait, and only able to climb stairs with a banister; grade 4 = difficulty rising from the floor, and Gowers' sign; grade 5 = unable to rise from the floor; grade 6 = unable to climb stairs; grade 7 = unable to rise from a chair; grade 8 = unable to walk unassisted; and grade 9 = unable to eat, drink, or sit without assistance.
Magnetic resonance imaging of muscles
Lower-limb MR images of the thigh and calf muscles were acquired using a 1.5-T system (MAGNETOM Avanto, Siemens Healthcare, Erlangen, Germany). T1-weighted imaging was performed in the axial plane (field of view [FOV] = 24 × 32 cm, slice thickness = 10 mm, and slice gap = 1 mm) and the coronal plane (FOV = 50 × 32 cm, slice thickness = 5-6 mm, and slice gap = 2 mm). T1-weighted turbo spin-echo (TSE) imaging was performed with the following parameters: repetition time (TR)/echo time (TE) = 445-730/9.5-11 ms, echo train length = 3-5, and matrixes with 320-384 × 192-269 pixels. To assess muscle edema or inflammation, fat-suppressed T2-weighted TSE imaging (TR/TE = 3,000-3,200/85-90 ms, echo train length = 13, and matrix with 512 × 512 pixels) was performed with the same FOV, slice thickness, and slice gap as in T1-weighted imaging.
The degree of muscle degeneration was evaluated by applying the Mercuri scale to T1-weighted MR images as follows: 7,8 0 points = normal appearance; 1 point (mild) = traces of increased signal intensity; 2 points (moderate) = increased signal intensity with confluence in less than 50% of the muscle; 3 points (severe) = increased signal intensity in more than 50% of the muscle; and 4 points (end-stage disease) = increased signal intensity over the entire muscle.
Statistical analysis
Correlations between the Mercuri scale and MRC grade were evaluated with the Spearman method for the knee extensors, knee flexors, ankle dorsiflexors, and ankle plantar flexors. Differences were considered statistically significant at p ≤ 0.05. All statistical analyses were conducted using R software (version 3.1.2, www.r-project.org). Heat maps and hierarchical clustering were generated with the gplots package of R software.
results
Clinical presentation
The clinical phenotypes of the 21 patients with distal myopathy are summarized in Table 1 . Ten (48%) of all patients were men. The ages of the participants at symptom onset and imaging were 19.2 ± 9.5 and 30.4 ± 9.0 years (mean ± standard deviation), respectively. The grade on the modified GMW grade was 3.3 ± 1.7. The muscle strengths of the knee extensors, knee flexors, ankle dorsiflexors, and ankle plantar flexors were 4.42 ± 0.55, 4.23 ± 1.03, 3.61 ± 1.36, and 3.94 ± 0.59, respectively (Fig. 1) .
The participants showed a variety of clinical manifestations that were related to their specific causative genes. Four patients with GNE myopathy showed predominant motor weakness of the ankle dorsiflexors, with relative sparing of the knee extensors. All 11 patients with dysferlinopathy showed predominant motor weakness of the ankle plantar flexors. Five of the six patients with ADSSL1 myopathy (II-2 in MF1191, II-2 in MF1004, II-1 in MF578, II-2 in MF416, and I-2 in MF795) showed predominant weakness of the ankle dorsiflexors, and three patients (II-2 in MF1004, II-2 in MF416, and I-2 in MF795) also had motor weakness of the quadriceps. Patient II-2 in MF1184 showed diffuse muscle weakness, but she had predominant weakness of the ankle dorsiflexors approximately one year after the diagnosis and in MR images.
Radiological analysis
We evaluated whether the degree of muscle fatty replacement observed in lower-limb MR images was correlated with muscle strength by comparing the MRC grade and Mercuri scale in the quadriceps (rectus femoris, vastus lateralis, vastus medialis, and vastus intermedius), knee flexors (semitendinosus, semimembranosus, and the short and long heads of biceps femoris), tibialis anterior, and ankle plantar flexors (soleus and medial/lateral gastrocnemius). The MRC grade of the knee extensors was not correlated with the Mercuri scale rating of the quadriceps (r = -0.247, p = 0.115). However, the MRC grades of the knee flexors, ankle dorsiflexors, and ankle plantar flexors were significantly correlated with the Mercuri scale ratings of the knee flexors (r = -0.497, p = 0.001), tibialis anterior (r = -0.727, p < 0.001), and ankle plantar flexors (r = -0.620, p < 0.001), respectively. T1-weighted MR images showed characteristic fatty replacement patterns depending on the specific causative genes (Fig. 2) . Firstly, the short head of the biceps femoris was mainly affected in four patients with GNE myopathy, followed by the adductor longus and semitendinosus at the thigh level. The vastus lateralis was the only muscle spared in advanced stages. At the calf level, the tibialis anterior and extensor digitorum longus were mainly affected, followed by the soleus, peroneus longus, and tibialis posterior (Supplementary Fig. 1 ). Secondly, the 11 patients with dysferlinopathy exhibited fatty replacement that generally began in the semimembranosus and then affected the adductor magnus and vastus lateralis. However, the rectus femoris, gracilis, and sartorius were relatively spared. At the calf level, the fatty replacement generally began in the medial gastrocnemius and then affected the lateral gastrocnemius and soleus ( Supplementary Fig. 2 ). Thirdly, the six patients with ADSSL1 mutations showed predominant fatty replacement of the biceps femoris and vastus lateralis at the thigh level. At the calf level, fatty replacements of the gastrocnemius began at the early stages ( Supplementary Fig. 3 ). Unsupervised hierarchical clustering of the Mercuri scale ratings showed that the included patients could be divided into two distinct subpopulations: one with mild fatty replacement and the other with moderate/severe fatty replacement (Fig. 3) . The main factors contributing to this dichotomy were the causative gene and the clinical severity (as assessed using the modified GMW grade). STIR sequences showed fre- quent edema in the adductor magnus and gastrocnemius in the patients with dysferlinopathy.
dIscussIon
The present study has revealed distinct fatty replacement patterns in lower-limb MR images of Korean patients with different genotypes of distal myopathy. However, unsupervised hierarchical clustering of the Mercuri scale was unable to separate the patients into three groups consistent with their genotypes.
The clinical manifestations of the present patients were consistent with those reported previously for GNE myopathy, dysferlinopathy, and ADSSL1 myopathy. Patients with GNE myopathy showed selective involvement of the tibialis anterior and mild creatine kinase (CK) elevation, with relative sparing of the quadriceps. 9, 10 Patients with dysferlinopathy showed adult-onset, predominant ankle plantar flexor weakness, no facial muscle involvement, and marked CK elevation. 11, 12 Patients with ADSSL1 myopathy showed diffuse muscle weakness initially, followed by distal muscle weak- Annals of Clinical Neurophysiology Volume 21, Number 2, July 2019 ness in adolescence, and quadriceps weakness by around the age of 30 years. Additionally, patients with ADSSL1 myopathy showed facial weakness and mild CK elevation. 2 Our study showed that muscle strength was correlated with the degree of fatty replacement in the knee flexors, ankle dorsiflexors, and ankle plantar flexors. This result is compatible with those of previous studies. 5, 13 The muscle strength of the quadriceps was not significantly correlated with the radiological findings, which was probably due to the distal myopathy predominantly affecting distal muscles. Indeed, the participants in the present study exhibited motor weakness of the knee extensors that was milder than that in the knee flexors, ankle dorsiflexors, and ankle plantar flexors. T1-weighted MR images showed characteristic fatty replacement as follows: 1) the early fatty replacement of the tibialis anterior and the short head of the biceps femoris with relatively sparing of the vastus lateralis in GNE myopathy, 2) the early involvement of the posterior compartment of the calf and thigh muscles in dysferlinopathy, and 3) predominant fatty replacement of the gastrocnemius, biceps femoris, and vastus lateralis in ADSSL1 myopathy. These patterns of fatty replacement in Korean patients with distal myopathy were similar to those found in previous studies of patients with GNE myopathy, dysferlinopathy, and ADSSL1 myopathy. 2, 13, 14 However, we could not categorize patients with distal myopathy according to their specific causative Heat map representing muscle degeneration. GNE myopathy was characterized by the early involvement of the tibialis anterior and the short head of the biceps femoris, with relative sparing of the vastus lateralis. Dysferlinopathy showed the early involvement of the posterior compartment of the calf and thigh muscles, with relative sparing of the sartorius, gracilis, and rectus femoris. ADSSL1 myopathy showed fatty replacements of the gastrocnemius that began at the early stages. Each column in the heat map corresponds to one patient. Each row corresponds to one muscle, in descending order from cranial to caudal. A gray-blue-midnight-blue gradient in the heat map indicates increasing fatty substitution (legend at the top). The two rows at the left of the heat map denote individual clinical features: the myopathy group and grade on the modified Gardner-Medwin and Walton (GMW) grade, color coded as indicated in the legend on the left. genes based on the fatty replacement patterns of affected muscles. Thus, we suspect that both the causative genes and the clinical severity impact muscle degeneration.
The present study had two main limitations: 1) it involved only a small number of patients with distal myopathy, and 2) we evaluated only the lower limbs, and not the upper limbs, trunk, or head. This was therefore a pilot study, and so further studies are needed to confirm our results in larger cohorts.
We have identified the characteristic findings in lower-limb MR images of Korean patients with GNE myopathy, dysferlinopathy, and ADSSL1 myopathy. We found that the fatty replacement of muscles in lower-limb MR images was affected by the causative genes and the clinical severity. The present study is the first to reveal the usefulness of lower-limb MR images in the differential diagnosis of distal myopathy in Korea.
